The Bering Land Bridge was the intermittent connection that allowed exchange of mammals between Asia and North America. Because some mammalian genera are widely distributed on both continents, recovery of phylogenetic histories of species within these genera may help reconstruct the sequence of intercontinental exchanges. We tested phylogenetic and biogeographic hypotheses in the widespread genus Microtus through parsimony and likelihood analysis of mtDNA-sequence data. The extant species of Microtus in North America are thought to be derived from multiple invasions from Asia or, alternatively, as a single invasion followed by autochthonous speciation. 
Many species of terrestrial mammals are thought to have moved between North America and Asia during glacial periods of the Pleistocene via the Bering Land Bridge (Korth 1994) . These invasions may have initiated major continental radiations, the timing and extent of which have proven difficult to recover because the fossil record and evolutionary relationships of many of these trans-Beringian taxa are poorly known. Molecular phylogenetic studies are beginning to shed light on the history of North American mammals (Fumagalli et al. 1999; Halanych et al. 1999 ) and plants (Xi-* Correspondent: chris.conroy@stanford.edu ang et al. 1998) . Because molecular phylogenies provide opportunities to reconstruct the evolutionary history of taxa, they may be used to estimate number and temporal order of invasions (Givnish 1997) , thereby providing valuable insights into the biogeographic history of a region.
We focus on the genus Microtus (Rodentia: Muridae), a Holarctic group (Fig. 1 ) that could be important to the interpretation of historical biogeography of the northern continents. Since the late Pliocene, Microtus diversified into one of the more speciose mammalian genera (Musser and Carleton 1993) with 65 species recognized in 14 subgenera. This rapid diversification (Reig FIG. 1.-Current distribution of Microtus (black) and postulated distribution of Beringia (Hopkins et al. 1982) at peak glaciation (gray). Species diversity follows Musser and Carleton (1993) , including Volemys; distribution of Microtus follows Gromov and Polyakov (1977). 1989) may be partially responsible for its chaotic taxonomic history (Anderson 1985; Musser and Carleton 1993) and the enigmatic nature of many relationships within Microtus.
Extant species of Microtus are distributed throughout grassland, taiga, steppe, and tundra ecosystems of the Northern Hemisphere (Gromov and Polyakov 1992; Hoffmann and Koeppl 1985) . The fossil record indicates large fluctuations in distribution associated with climatic change (Graham et al. 1996) with some species invading southerly regions of Eurasia and North America during cold phases (Repenning et al. 1990 ). During subsequent warm periods, glacial relicts were isolated (e.g., on mountaintops), and those events may be partially responsible for high diversity in this genus.
Relationships among some Eurasian and North American species of Microtus have been explained by independent invasions across the Bering Land Bridge (Hoffmann and Koeppl 1985; Repenning et al. 1990 ). Rausch (1994) noted that movements of species across Beringia were not symmetric, with most species moving from Asia to North America. Asymmetric movement is suspected because western Beringia was connected directly to source populations further west in Eurasia during glacial maxima. However, eastern Beringia was isolated from southern areas of North America by the Laurentide and Cordilleran ice sheets. These hypotheses have not been thoroughly tested.
Relationships among some species of Microtus have been proposed (e.g., as subgenera -Miller 1896) We used DNA sequences for 24 species to assess monophyly of North American endemics, monophyly of Holarctic subgenus Stenocranius (Rausch 1964) , and monophyly of each of 2 clades of taiga-dwelling species of Microtus in North America (Hoffmann and Koeppl 1985) . A discussion of each follows.
First, interpretation of the fossil record of Pleistocene environments has led to a number of scenarios for the movement of particular species between Asia and North America (Hoffmann and Koeppl 1985; van der Meulen 1978) . If all endemic North American species derived from a single invasion, they should be monophyletic. Alternatively, some endemic North America species may have sister species in Eurasia.
Second, phylogenetic relationships among species on separate continents may be obscured by convergent morphological evolution. For example, monophyly of the Holarctic subgenus Stenocranius (M. gregalis, M. miurus, and M. abbreviatus) is based on a shared skull characteristic (narrow cranium). The high degree of morphological convergence in Arvicolinae (Courant et al. 1997) , however, cautions that morphology may not always reflect phylogenetic relationships.
Finally, Hoffmann (1981) and Hoffmann and Koeppl (1985) described a model of speciation wherein 2 purported clades of Microtus (clade 1: M. pennsylvanicus, M. montanus, and M. townsendii; clade 2: M. xanthognathus, M. richardsoni, and M. chrotorrhinus) expanded during interglacials but contracted to 3 separate refugia (western coastal, western montane, and eastern boreal) during glacial periods (Fig. 2) . We tested the monophyly of these clades and others. We also conducted statistical tests among competing topologies using likelihood-ratio tests (Huelsenbeck and Rannala 1997) .
MATERIALS AND METHODS
Eight Palearctic species, 15 Nearctic species, and the Holarctic M. oeconomus were included to represent 10 of 14 subgenera of Microtus (Table 1). Two species of Clethrionomys were used as outgroups because Clethrionomyini was found to be sister to Microtus in a broader taxonomic survey of Arvicolinae (Conroy and Cook 1999) . DNA was extracted via a modified salt method (Medrano et al. 1990 ) from skin, liver, muscle, or heart tissue that was dried, frozen, or preserved in ethanol. Symmetric PCR (Saiki et al. 1988 ) was used to amplify the 1,143-bp mitochondrial cytochrome-b gene (Conroy and Cook 1999) . Sequences were determined on an ABI 373a Stretch DNA sequencer using Prism dye terminator technology. Sequences for 2 taxa were obtained from Genbank (Microtus arvalis-GenBank accession no. U54488; M. rossiaemeridionalis-GenBank accession no. U54474). MtDNA was sequenced for 78 individuals, including partial or complete cytochrome-b sequences for multiple individuals for 21 of the 24 species. Species represented by multiple samples were all reciprocally monophyletic. Because of computational limitations, phylogenetic analysis included only 1 representative/species (Table 1 ). All multiple samples from a particular species were closely related. Sequences used in the phylogenetic analysis can be retrieved from GenBank under the accession numbers AF163890-AF163907.
Saturation was examined by plotting maximum-likelihood distance against transitions and transversions across each codon position (Fig.  3) . Weighted parsimony searches were rooted with Clethrionomys glareolus and C. gapperi (Conroy and Cook 1999) and bootstrapped 500 times using a heuristic search, with 500 random additions of taxa for each search, in PAUP*, test version 4.0d59 (D. L. Swofford, pers. comm.).
FIG.
2.-Model of taiga biome expansion and contraction through Pleistocene glaciations. Glacial refugia modified from Hoffmann (1981) ; distribution of species modified from Hoffmann and Koeppl (1985) . A transition to transversion bias of 3.4 (as estimated in the likelihood methods) was used.
Several maximum-likelihood models of DNA evolution were evaluated by estimating likelihood scores and comparing them as distributed under a chi-square distribution with degrees of freedom equal to the number of free parameters between them. Models were JC (Jukes and Cantor 1969) , HKY85 (Hasegawa et al. 1985) , and GTR (Yang 1994a) . The latter 2 models also were run with among-site rate variation based on a gamma distribution (Yang 1994b ). Skewness or G 1 -statistics were generated from 1,000 random trees (PAUP*), with and without weighting at each position, and compared with values in Hillis and Huelsenbeck (1992) for statistical significance (␣ ϭ 0.05). To evaluate the strength of alternate topologies, a likelihood-ratio test (Kishino and Hasegawa 1989 ) tested the unconstrained maximum-likelihood tree against maximum-likelihood trees constrained for monophyly of Stenocranius, North American monophyly, the 2 clades of taiga voles, and all taiga voles, as well as both maximum parsimony trees. To test the strength of relationships, we also constrained maximum-likelihood trees to exclude 2 well-supported clades and then tested them against the unconstrained maximum-likelihood tree. We also bootstrapped the maximumlikelihood analysis 100 times.
To estimate time of divergence, we used a distance based on the same maximum-likelihood model used for estimating the maximum-likelihood tree. To calibrate a rate of sequence evolution, we assumed that the deepest divergence among species of Microtus should correspond roughly to the initial diversification of the genus (about 2.1 ϫ 10 6 years ago- Repenning et al. 1990 ). Molecular clocks are often subject to error from excessive rate heterogeneity. Therefore, we tested for rate heterogeneity among taxa by evaluating maximum-likelihood trees with and without a molecular clock constraint using a chisquare test (i.e., twice the log-likelihood difference with n ϭ number of taxa minus 2 d.f. Felsenstein 1988) . To evaluate individual taxa, we used the Wu and Li (1985) relative rate test, as implemented by algorithms in Muse and Weir (1992) , with software (K2WuLi) distributed by L. Jermiin.
RESULTS
Composition and variation.-Of the 1,143 base pairs, 459 (40%) were variable, and 361 of those were phylogenetically informative (Table 2) . Similar to other studies of mammalian cytochrome-b evolution (Irwin et al. 1991; Ma et al. 1993) , most polymorphic sites were in 3rd positions (340, 74%), followed by 1st positions (94, 20%) and then 2nd positions (25, 5%). Base pair composition across codon position and between nucleotides (Table 3 ) was similar to mammals in general (Irwin et al. 1991) .
Interspecific distances estimated under the Kimura (1980) (Fig. 3) . Saturation was not apparent from these plots. G 1 -statistics (Table 2 ) indicated that the data had phylogenetic signal (Hillis and Huelsenbeck 1992) .
Phylogenetic results.-Parsimony searches resulted in 2 equally parsimonious trees (Fig. 4A) Maximum-likelihood searches suggested that the HKY ϩ ⌫ model was not statistically different from a more complex model (GTR ϩ ⌫). Thus, subsequent tests utilized the HKY ϩ ⌫ model. Maximum-likelihood and 1 of 2 maximum-parsimony trees (not shown) supported monophyly of North American species of Microtus (Fig. 4) . Most sister relationships identified by maximum parsimony were found with maximum likelihood. No analyses supported monophyly of the subgenus Stenocranius or monophyly of the 2nd clade of taiga voles (M. xanthognathus, M. chrotorrhinus, and M. richardsoni) . Only the alternate topology that united all taiga voles was rejected by the likelihood-ratio test (Table 5 ). All others were insignificantly different from the maximum-likelihood tree.
Of the 346 relative rate tests, 32 indicated unequal rates of evolution (ͦ Z ͦ Ͼ 1.96). These departures from equal rates involved nearly all taxa, and rate heterogeneity was not greater than expectations ( 2 ϭ 2.68) under a molecular clock (Felsenstein 1988) . Constraining the oldest interspecific divergence to 2.1 ϫ 10 6 years ago (Repenning et al. 1990 ) yielded a rate of 7.5 million years per unit of likelihood distance. A plot of pairwise differences (Fig. 5) with a unimodal distribution suggested a single pulse of diversification among species about 1.3 ϫ 10 6 years ago. This pulse corresponds to the early Pleistocene appearance of several lineages in North America (Hoffmann and Koeppl 1985; Repenning 1980 ).
DISCUSSION
Our primary goal was to use molecular characters and a relatively large taxonomic sample to test taxonomic hypotheses in this diverse group. Previous studies that used karyotypes and other molecular markers have provided independent assessments of microtine systematics (DeBry 1992; Graf 1982; Modi 1987 Modi , 1996 Moore and Janecek 1990; Nadler et al. 1978; Zagorodnyuk 1990 ). However, the taxa and data in those studies had minimal overlap. Historical implications of relationships supported by our data are summarized in the following.
North American monophyly.-During
Pleistocene glacial maxima, ocean levels dropped sufficiently to expose the Bering Land Bridge and unite Beringia (Hopkins et al. 1982) . Controversy exists over the nature of Beringia's vegetational composition and climate during and since the Pleistocene (Colinvaux 1996; Elias et al. 1996; Guthrie 1990; Kontrimavichus 1985) . Establishing the chronology of invasions between Asia and North America could help to reconstruct environments for the land bridge. Although microtines were a common mammalian component of Beringia (Guthrie 1982) , the fossil record has not been investigated well enough to determine their diversity or persistence in this region.
Microtus is thought to have first invaded North America from Asia after the Blancan V glaciation in Laurentia about 2.1 ϫ 10 years ago (Repenning et al. 1990 ). Because the Palearctic has an older fossil record (Gromov and Polyakov 1992) , a Eurasian ancestor appears more probable. The placement of Palearctic species basal to North American taxa (Fig. 4) is consistent with a Eurasian origin for the genus. From paleontological and zoogeographic data, Hoffmann and Koeppl (1985) suggested that distinct lineages of Microtus colonized North America across the Bering Land Bridge in the early, middle, and late Pleistocene (until about 13,000 years ago). Three species hypothesized to be derived from the earliest invasion are M. californicus and M. umbrosus (Martin 1974) and M. guatemalensis (Repenning 1980 (Hoffmann and Koeppl 1985) . Two possible recent arrivals are M. miurus (Hoffmann and Koeppl 1985) and M. oeconomus (Lance and Cook 1998) .
Our data suggest a different history of colonization of North America than that previously inferred, but weak basal relationships limit our ability to discriminate multiple invasions. Monophyly of the endemic North American species of Microtus indicates only 2 invasions (endemics plus M. oeconomus) and potentially refutes proposed taxonomic affinities: M. longicaudus, a member of Eurasian Chilotus ( Anderson FIG. 4. -A) Consensus tree of 2 equally parsimonious trees for 24 Microtus species and 2 Clethrionomys species; numbers along branches are bootstrap percentages from 10,000 replicates. B) Maximum-likelihood tree (HKY85 ϩ ⌫); T1 and T2 following taxon indicate 1st and 2nd taiga vole clades, respectively; numbers along branches are bootstrap percentages from 100 replicates. (Graf 1982) , although sampling of taxa was limited. Because our data address only the history of extant species, there may have been other invasions of North America whose descendants have since gone extinct. For ex- ample, M. paroperarius and M. deceitensis, now extinct but present in North America in the early Pleistocene (Repenning et al. 1990 ), share the 4-triangle m1 with M. oeconomus (Zakrzewski 1985) , a Holarctic species thought to be a late Pleistocene colonizer of North America (Lance and Cook 1998) . Because of apparent monophyly of endemic North American species, only 2 invasions may have occurred: the 1st resulting in species restricted to North America and the 2nd in M. oeconomus (Lance and Cook 1998) . The estimated phylogeny should be tested by including other suspected early colonizers: M. quasiater, M. oaxacensis, M. umbrosus, and M. guatemalensis.
Albeit weakly supported, the sister relationship between all North American species and the European species M. agrestis, M. arvalis, and M. rossiaemeridionalis in the maximum-likelihood tree may suggest that these Asian species were isolated in a southern Asian refugium while a northern corridor existed between Beringia and Eurasia. Guthrie (1990) described a ''mammoth steppe,'' or high-latitude steppe, grassland belt that extended from Europe to eastern Beringia during glacial periods. Although M. oeconomus and M. middendorffi are distributed widely throughout Asia, M. kikuchii, M. montebelli (now both island endemics), and M. fortis are distributed south of this corridor and may have been isolated during glacial advances. More thorough sampling of eastern Asian species should provide a test of this hypothesis.
Monophyly of subgenus Stenocranius.-Stenocranius was diagnosed originally by the long and narrow skull and short tail of the Asian M. gregalis (Kaschenko 1901) . North American M. miurus (Rausch 1964) and M. abbreviatus of Hall (Miller 1899) and St. Matthew (Rausch and Rausch 1968) islands (Bering Sea) were later included in the clade indicating a trans-Beringian distribution for the subgenus. Colonization of North America by a Stenocranius ancestor during the Illinoian Age (ഠ300,000 years ago) was hypothesized to explain their Hol-arctic distribution (Rausch 1964; Zakrzewski 1985) . Subsequently, M. abbreviatus was isolated on Hall and St. Matthew islands at the end of the Wisconsin glaciation (Hoffmann and Koeppl 1985; Rausch and Rausch 1968) as reflected by similar morphology and karyotype to M. miurus (Rausch and Rausch 1968) . However, monophyly of Stenocranius has been questioned on the basis of differences in behavior, dental morphology (Gromov and Polyakov 1992) , and karyotypes (Fedyk 1970) . For example, M. abbreviatus and M. middendorffi (subgenus Alexandromys) were hypothesized to be sister taxa based on similar karyotypic and morphologic characteristics (Gromov and Polyakov 1992) .
Based on our analyses, it appears that M. miurus originated in North America (Fig. 4) and is morphologically convergent with M. gregalis. The close sister relationship between M. abbreviatus and M. miurus based on cytochrome-b sequences and chromosomal similarity (Rausch and Rausch 1968) suggests that they may be conspecfic. Morphological and chromosomal similarities between M. middendorffi and M. abbreviatus (Vorontsov and Lyapunova 1984) appear to be convergent (Figs. 4A-B) . Thus, our data support the interpretation of Stenocranius as ''pseudoamphiberingian'' (Vorontsov and Lyapunova 1984) . The basal position of M. gregalis is consistent with an early Pleistocene origin from the extinct M. gregaloides (Chaline 1990; Gromov and Polyakov 1992) . M. miurus and M. abbreviatus were sister to M. xanthognathus and included in the North American clade in both maximum-parsimony and maximumlikelihood analyses.
Other relationships within Microtus.-The pennsylvanicus clade (subgenus Mynomes-Musser and Carleton 1993) was identified previously by karyotypes (Modi 1987) , skeletal morphology (Hooper and Hart 1962) , nuclear DNA (Modi 1996) , and allozymes (Moore and Janecek 1990) . M. oregoni and M. longicaudus were basal to the pennsylvanicus clade in the maximumlikelihood tree. M. canicaudus was not sister to M. montanus, as has been suggested previously (Musser and Carleton 1993) , but instead to M. townsendii. Modi (1986) also noted significant chromosomal differences between these species. An investigation of the pennsylvanicus clade with mtDNA RFLP data (DeBry 1992) suggested that it may not be monophyletic but could not reject the monophyly hypothesis based on a likelihood-ratio test. Our likelihood-ratio test also did not distinguish among these alternatives ( Table 5) .
The Asian clade has not been recognized previously, although Zagorodnyuk (1990) placed M. fortis in the M. middendorffi species group of subgenus Alexandromys. By retaining kikuchii within Microtus, we depart from the taxonomy of Musser and Carleton (1993) and Zagorodnyuk (1990) , who placed it in a separate genus, Volemys, with other species from southeastern Asia (V. clarkei, V. millicens, and V. musseri). The position of kikuchii suggests the need for further sampling of Asian species, including the 3 additional species of Volemys. Zagorodnyuk (1990) also suggested that M. oeconomus and M. montebelli may be sister taxa (Fig. 4) because they share an ancestral form of X-Y chromosome pairing that is not found in other species of Microtus (Borodin et al. 1997) .
Taiga voles.-Pleistocene glaciations have been implicated as an important factor in speciation in birds and mammals (Rand 1948 (Rand , 1954 . Ecosystems expanded, contracted, and fragmented along the fringes of ice sheets and along elevational gradients at lower latitudes (Hewitt 1996) . Hoffmann and Koeppl (1985) attributed speciation of 2 taiga-adapted clades of voles in North America to allopatry during Pleistocene glacial phases (Fig. 2) . They suggested that ancestors of those clades were widespread during interglacials and then isolated in refugia during glacial advances (Hoffmann 1981; Rand 1948 Rand , 1954 Fig. 4 ) was well supported in our analyses. M. canicaudus has been considered a peripheral isolate of M. montanus, but our data suggest that it is sister to M. townsendii.
Other taiga voles were suggested to have arisen in eastern boreal (M. chrotorrhinus and M. xanthognathus) and western montane (M. richardsoni) refugia (Hoffmann and Koeppl 1985) . These species were paraphyletic (T2 in Fig. 4) , although a phylogeny constrained for their monophyly was not rejected (Table 5) . M. xanthognathus was sister to the M. miurus and M. abbreviatus clade, whereas M. richardsoni was sister to M. pinetorum. The latter relationship was unexpected. M. pinetorum is often considered closely related to members of subgenus Pitymys of Europe (Gromov and Polyakov 1992) and Mexico (Musser and Carleton 1993) . Although M. richardsoni has been considered highly divergent, other studies (Conroy and Cook 1999; Jannett 1992 Jannett , 1997 Matthey 1957; Zakrzewski 1985) support inclusion within Microtus.
Use of taiga habitats across these voles may be due to convergence, although a more complete assessment of the genus is needed. A tree constrained for monophyly for the 6 taiga species was rejected (Table  5) . Two other species that occur in taiga, M. longicaudus and M. oregoni, have been considered distinctive because of differences in karyotypes (Modi 1987) , allozymes (Moore and Janecek 1990) , gonosomal mosaicism in M. oregoni (Ohno et al. 1963) , and large B chromosome complement in M. longicaudus (Judd and Cross 1980) .
Basal relationships.-Our data indicate generally weak relationships across basal branches (Fig. 4A) . We suggest that rapid diversification early in the evolution of this group resulted in short internodal branches. Because G 1 -statistics are significant, saturation is not apparent, and these data have recovered older relationships in arvicolines (Conroy and Cook 1999) , we think that the basal relationships most likely reflect rapid diversification.
Pulses of diversification apparently have been repeated throughout the evolution of murid (Conroy and Cook 1999; Smith and Patton 1999) and other rodents (Lessa and Cook 1998) . This pulse of speciation in Microtus may correspond to an environmental change, such as a period of global warming (Chaline et al. 1993) . The paleontological record indicates a rapid appearance of many species of Microtus in North America about 500,000 years ago (Hoffmann and Koeppl 1985) . Although the timing is not synchronous with our estimate (1.3 ϫ 10 6 years ago), this discrepancy may suggest that genes and morphology might be recording different aspects of macroevolution in this genus. The relationship between divergence of these markers and divergence of populations is unclear. For example, ancestral polymorphism and fluctuating effective populations, among other factors, may impact estimates of temporal divergence based on molecular markers.
Our estimate of the radiation of Microtus, based on the minimum age of fossils of Microtus, corresponds to the late Villafranchian interglacial epoch in Europe (Kurtén 1968) and the beginning of the Kansan glaciation in North America (Zakrzewski 1985) . Speciation events that occurred during different glacial cycles should produce a dichotomous phylogeny. However, rapid isolation of multiple refugial populations during a single glacial period should result in polytomous branching. Although a single and severe climatic phenomenon may have been important to speciation in Microtus, fine-scale variability on a millennial scale also may be a potential cause of increased speciation or extinction rates (Roy et al. 1996) . Climatic oscillations shifted from 41,000-to 100,000-year cycles at about 1.2 ϫ 10 6 years ago (Imbrie et al. 1993) . However, effects of this shift on mammalian evolution are unstudied. This calibration of the apparent pulse of speciation in Microtus should be further tested. For example, it may be appropriate to subtract genetic variation in the putative ancestor before estimating interspecific differences (i.e., net divergence-Avise and Walker 1998; Edwards 1997), and we are currently investigating intraspecific variation of the cytochrome-b gene in Microtus (Conroy and Cook 2000) .
Some of the sister-species relationships that we recovered differ from those proposed based on morphology. Phylogeographic research (Avise et al. 1987 ) is a logical extension to this work that may help bridge the gap between studies of intra-and interspecific variation, perhaps providing insight into rates of divergence during and since the late Pleistocene (Avise and Walker 1998) .
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